1 1. Assessing the degree to which at-risk species are regulated by density dependent versus 2 density independent factors is often complicated by incomplete or biased information. If not 3 addressed in an appropriate manner, errors in the data can affect estimates of population 4 demographics, which may obfuscate the anticipated response of the population to a specific 5 action. 6 2. We developed a Bayesian integrated population model that accounts explicitly for interannual 7 variability in the number of reproducing adults and their age structure, harvest, and 8 environmental conditions. We apply the model to 41 years of data for a population of threatened 9 steelhead trout Oncorhynchus mykiss using freshwater flows, ocean indices, and releases of 10 hatchery-born conspecifics as covariates. 11 3. We found compelling evidence that the population is under strong density dependence, despite 12 being well below its historical population size. In the freshwater portion of the lifecycle, we 13 found a negative relationship between productivity (offspring per parent) and peak winter flows, 14 and a positive relationship with summer flows. We also found a negative relationship between 15 productivity and releases of hatchery conspecifics. In the marine portion of the lifecycle, we 16 found a positive correlation between productivity and the North Pacific Gyre Oscillation. 17 Furthermore, harvest rates on wild fish have been sufficiently low to ensure very little risk of 18 overfishing.
Introduction
time horizons most relevant to natural resource management (Ward et al. 2014 ). Furthermore, 48 accelerated global change will likely create synergistic effects that complicate efforts to make 49 reliable long-term predictions (Schindler & Hilborn 2015) . Thus, any reasonable assumptions 50 juvenile fish trap (river km 27) indicate they overlap in time and space. Therefore, we assumed 143 that a cohort born in year t would interact with hatchery fish released in year t + 2. We used the 144 total number of juveniles released from the hatchery within a given year as our covariate. The IPM we describe here expands upon models developed by others (e.g., Su & 147 Peterman 2012; Fleischman et al. 2013; Winship, O'Farrell & Mohr 2014) in that we include the 148 effects of extrinsic drivers on population dynamics. As with other IPMs, our model comprises 149 two major components: a process model describing the production of age-specific offspring, and 150 observation models to account for errors in the estimates of spawning escapement and age 151 composition. Following other, more traditional analyses of Pacific salmon population dynamics, 152 our modeling framework also assumes no consistent bias in estimates of adult spawners or age 153 composition of returning adults. 154 We begin with our process model where the number of offspring born in year t that 155 survive to adulthood (Rt) equals the product of a nonlinear function of the number of spawning 156 adults (St) and a time-varying stochastic error et:
(1)
158
Here we consider two different forms for f: the Ricker model (Ricker 1954) 
171
Here, gi is the effect of covariate Xi measured at time t and shifted by an appropriate lag hi based 173 on the life stage that the covariate would affect most strongly. We standardized all covariates to 174 have zero-mean and unit-variance to facilitate direct comparison of effect sizes.
175
The estimated numbers of fish of age a returning in year t (Na,t) is then product of the 176 total number of brood-year recruits in year t -a from Equation (1) and the proportion of mature 177 fish from that brood year that returned to spawn at age a (pa,t-a), such that 178 Na,t = Rt-a pa,t-a.
(4) 179 Adult steelhead from the Skagit River return as 3-8 year-olds, and therefore the vector of age-180 specific return rates for brood year t is p p t = [p3, p4, p5, p6, p7, p8]t, which we modeled as a 181 hierarchical random effect whereby p p t ~ Dirichlet(h ht). The mean vector h h is also distributed as a 182 Dirichlet; the precision parameter t affects each of the elements in h h such that large values of t 183 result in p p t very close to h h and small values of t lead to much more diffuse p p t.
184
The spawner-recruit models above describe a process based on the true number of that our estimates of escapement, the number of adult fish that "escape the fishery" and Catches of wild steelhead are closely recorded by state and tribal biologists, and so we 191 assume the harvest is recorded without error. We then calculate St as the difference between the 192 estimated total run size (Nt) and harvest (Ht), where
194
and Nt is the sum of Na,t from Equation (3) over all age classes.
195
We obtained observations of the number of fish in each age class a in year t (Oa,t) from 196 scale analyses of 10 -408 adults per year; no scale samples were taken in 1978-1982, 1984, and 197 2000. These data were assumed to arise from a multinomial process with order Yt and proportion 198 vector dt, such that 199 Ot ~ Multinomial(Yt, dt).
200
The order of the multinomial is simply the sum of the observed numbers of fish across all ages 201 returning in year t:
The remaining, unexplained environmental variance was indeed highly autocorrelated 257 over time (Fig. 5 ). The process residuals were generally positive during the late 1970s and early 258 1980s when the population was growing (Fig. 2) , they were near zero during the stable period of 259 the 1990s, and then largely negative as the population primarily declined through the 2000s.
260
Based on our estimates of biological reference points, Skagit River steelhead appear to be 261 managed along a rather conservative harvest management perspective. The optimal yield profiles 262 suggest it would take approximately 2000 to 3000 spawning adults to produce the maximum 263 sustainable yield ( Fig. 6a ), but very few years have ever fallen below that throughout the time 264 period presented here (i.e., the average number of spawning adults has been two to three times 265 greater). In other words, the realized harvest rates have been kept low enough to insure very little 266 risk of overfishing ( Fig. 6b ).
267
Discussion 268 In territorial species such as steelhead trout, competition for limited resources commonly Figure 2 . Time series of the estimated total population size (catch plus the adults that escaped to spawn). The observed data are the points; the solid line is the median estimate and the shaded region indicates the 95% credible interval.
Year Catch + escapement 1980 1985 1990 1995 2000 2005 . Plots of (a) the probability that a given number of spawners produces average yields achieving 95%, 85%, or 75% of the estimated maximum sustainable yield (MSY); and (b) the cumulative probability of overfishing the population, based on harvest rates equal to those at 75% of MSY, at MSY, and at the maximum per recruit. The histograms above (a) and (b) are distributions of the posterior estimates for the number of spawners and harvest rates, respectively; the histogram in (a) has been truncated at 10 4 . 
